We report on a new contactless scanning probe technique to probe thin metallic films. The scanning eddy current dynamometer ͑SECD͒ is based on the measurement of the force generated by a magnetic tip oscillating in close proximity to a conducting thin film glued to a high-Q mechanical oscillator. By measuring the resonant motion induced in the mechanical oscillator, the eddy current force on the sample can be determined. The size of the magnetic field profile from our tip limits the spatial resolution of the instrument to Ϸ 100 m. This spatial resolution is demonstrated by scanning the magnetic tip over inhomogeneities in metallic films. For a homogeneous metallic film much larger than 100 m the force measured by the SECD is directly proportional to the conductance of the film. In this configuration the equivalent noise conductance of the eddy current dynamometer is ⌬ ᮀ Ϸ30 ⍀ Ϫ1 . By exploiting the boundary conditions on the induced current density in the conducting film, cracks much smaller than 100 m in a metallic film can be detected. To demonstrate this property, a 2.5 m wide slit is detected using the SECD.
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I. INTRODUCTION
Eddy current testing is widely used as a nondestructive technique for mapping and detecting defects in conducting materials. Eddy current probes commonly use a coil to induce the eddy currents in the conducting layer and the currents are detected either by using a second coil, 1 by monitoring the impedance in the first coil, 1 or by using a superconducting quantum interference device ͑SQUID͒ to measure the magnetic flux from the eddy currents. 2 In this article we use a different approach, based in recent developments on the detection of small forces.
Ultrasmall force detection using mechanical oscillators has made it possible to construct very sensitive electrometers 3 and magnetometers. 4 These instruments utilize mechanical oscillators made from Si having quality factors on the order of 10 6 . In this article we describe a new microprobe instrument to measure eddy current forces on thin metallic films based on Si mechanical oscillators. The eddy currents are induced by moving a magnetic probe over the sample which is mounted on a Si oscillator. We refer to this device as a scanning eddy current dynamometer ͑SECD͒. The advantage of our instrument is that it has a spatial resolution on the order of 100 m and could be potentially improved to have a spatial resolution on the order of 1 m.
To gain insight into the nature of the eddy current force on a thin film due to a moving magnetic probe, consider a direct current ͑dc͒ loop held parallel over a thin infinite sheet with conductance ᮀ . If the conducting sheet is stationary and the loop is moving with a velocity vϭv 0 x , the electric field in the sheet's frame of reference is given by E(r)ϭ ϪvϫB(r) where B(r) is the magnetic field associated with the current loop. The electric field inside the conducting sheet gives rise to a current density j(r)ϭ ᮀ E ʈ (r), where E ʈ is the component of the induced electric field parallel to the conducting sheet. The magnetic field exerts a Lorentz force on the current density so that the force on the sheet in the plane of the sheet is given by
where B Ќ is the component of the magnetic field perpendicular to the film and the integral is a surface integral over the entire film. This argument neglects the screening response of the conductor to shield the changing magnetic field, but our calculations indicate that for v 0 Ӷc 2 ⑀ 0 / ᮀ the screening current density is small. 5 The direction of the force on the film is the same as the direction of v and a reactionary drag force opposes the motion of the loop.
If the motion of the loop is given by xϭx 0 sin(t)x, then the velocity is x 0 cos(t)x, where is the angular frequency and x 0 is the maximum amplitude of oscillation. For this oscillatory motion Eq. ͑1͒ becomes
For uniform metallic films much larger than the loop size, the eddy current dynamometer can be used to determine the conductance of the film since the force is proportional to the conductance.
With the introduction of inhomogeneities in the conducting film, Eq. ͑2͒ becomes invalid. For example, if the oscillating current loop is scanned over an edge or crack in the film, the component of the induced current density perpendicular to the edge must be zero ( j Ќ ϭ0). This boundary a͒ Present address: Department of Physics, Indiana University Purdue University Indianapolis, Indianapolis, IN 46202. condition leads to a directional dependence of the scans depending on whether the direction of oscillation is perpendicular or parallel to the edge or crack. The complete solution of the problem with the boundary conditions included is difficult and beyond the scope of this paper.
The experimental setup and principle of operation of the eddy current dynamometer are described in Sec. II. Section III presents results on several samples with inhomogeneities in the metallic film which demonstrate the spatial resolution, orientational dependence, and sensitivity of the instrument. The fundamental limitations and potential improvements to the instrument are described in Sec. IV.
II. EXPERIMENTAL SETUP
Using Eq. ͑2͒, we first estimate the magnitude of the force expected on a copper film. The conductance of 1 m thick Cu at room temperature is ϳ58 ⍀ Ϫ1 . To simplify these estimates, we assume that the magnetic field from the probe is perpendicular to the film and is 0.5 T for rр50 m and 0 T for rϾ50 m. If the probe is spatially vibrating with a frequency of 5000 Hz and an amplitude of 100 nm then Eq. ͑2͒ yields a force of 0.34 nN on the film.
High-Q mechanical oscillators made from Si were chosen to measure these small forces. 6 The mechanical oscillators are made from 0.5 mm thick ͗100͘ Si wafers anisotropically etched in KOH using a lithographically patterned Si 3 N 4 layer as a mask. After the KOH has etched through the 0.5 mm wafer, the Si 3 N 4 layer is removed. Since the amplitude of vibration is measured capacitively, 15 nm of Cr and 150 nm of Au are evaporated on the oscillators. Details of the fabrication process have been described elsewhere.
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A conducting sample, mounted on a glass cover slide, is glued to the end of the Si mechanical oscillator in the configuration shown in Fig. 1͑a͒ . The sample and oscillator can be regarded as an effective harmonic oscillator 8 which is driven at the resonant frequency of the fundamental cantilever mode using the eddy current force induced by an oscillating magnetic probe.
The magnetic probe ͑tip͒ is an iron wire ͑o.d.ϭ0.9 mm͒ mechanically polished with 1 m grit down to a tip diameter of 20 m that localizes the magnetic flux from a neodymium iron boron permanent magnet ͑1/4 in. diameter by 1/4 in. long͒. To repair damage from the polishing process, the wire is annealed in a hydrogen furnace at 1000°C as described in Ref. 9 . The hydrogen anneal decreases the full width half maximum ͑FWHM͒ of the magnetic field profile and increases the maximum magnetic field. This profile, shown in The permanent magnet and iron tip are fastened to the top of a piezoelectric quadrant tube as shown in Fig. 1͑a͒ . The tube is used to vibrate the iron tip at the resonant frequency of the oscillator by applying an alternating current ͑ac͒ voltage from a signal generator. The magnetic tip was manufactured to have a resonant frequency near the Si mechanical oscillator's resonant frequency to increase the vibrational amplitude of the tip and consequently the force on the metallic film ͓see Eq. ͑2͔͒.
The oscillating eddy current force from the vibrating magnetic tip causes the sample and Si mechanical oscillator to vibrate. The motion of the Si oscillator is measured capacitively using a detection electrode and the circuit shown 
the distance between the oscillator and electrode at equilibrium, dӷ␦d. When the electrode is biased to a dc voltage (V dc ϳ90 V͒, the change in voltage between the electrode and the oscillator is directly proportional to the motion of the oscillator. The amplitude of the ac voltage is given by 10 ␦VХϪ ␦C
where C T is the sum of C 0 and a parallel external parasitic capacitance (C p ϳ100 pF͒ which is dominated by cable and preamplifier capacitance to ground. For these measurements, ␦d/␦V was calibrated directly by measuring the amplitude of the oscillator with an optical interferometer. The values, while constant during each scan, ranged from 70-400 pm/ V for different scans due to a variance in the oscillatorelectrode spacing. The signal from Eq. ͑3͒ is measured using a lock-in amplifier with the signal generator as reference. Once the amplitude of the oscillator is recorded, the tip is moved to a new location over the sample. In this way, the spatial dependence of the eddy current force on the sample is determined. 11 In the next section, we show how the resonant amplitude of the Si mechanical oscillator changes as the iron tip is scanned across different samples.
III. RESULTS
To demonstrate the capabilities of the instrument, we present results of measurements on copper films with different inhomogeneities. The inhomogeneities are single and double slits in 12.5 and 25 m thick Cu.
12 Figure 3͑a͒ shows two scans of a 1 mm wide 25 m thick copper ribbon. In the middle of the ribbon the amplitude of the Si oscillator is (0.556Ϯ0.007) nm. The noise has been defined as the root mean square ͑rms͒ difference between neighboring points in the amplitude of the oscillator when the tip is near the center of the ribbon. The reproducibility when comparing two scans over the same strip is also approximately 10 pm.
At resonance, the force acting on the sample, and therefore on the Si oscillator, is Fϭ(k/Q)A, where k is the spring constant, Q is the quality factor, and A is the measured amplitude of the oscillator. The spring constant was measured to be kϭ(12 000Ϯ300) N/m by noting the change in resonant frequency when known masses were added to the oscillator. The quality factor was 460 for the scan 13 in Fig. 3͑a͒  yielding F eddy ϭ15 nN. The theoretical eddy current force can be estimated using Eq. ͑2͒, the measured magnetic field profile from Fig. 2 , and the measured amplitude of the tip. Using Eq. ͑2͒ for this estimation neglects the screening currents and boundary effects on the current density by assuming the sample to be infinite. Using the magnetic field profile from Fig. 2 Assuming that the boundaries are not affecting the magnitude of the signal when the tip is over the center of the Cu ribbon, we can estimate the equivalent noise conductance of the instrument. Taking the observed noise to be 0.01/0.556 Ϸ0.02 and the known conductance of the Cu ribbon, the equivalent noise conductance is ⌬ ᮀ Х30 ⍀ Ϫ1 . The eddy current force is observed to persist for a long distance as the tip is scanned over the edge (Ϸ900 m to go to zero for this tip͒. This slow decay of the eddy current signal is thought to be due to the long tail in the magnetic field profile of the magnetic tip. Experiments show that this long tail is not due to the permanent magnet, and computer simulations of this profile indicate that this tail is not intrinsic to the tip shape and can be further decreased. This might be carried out by annealing the tips longer or by fabricating the tips differently ͑e.g., chemically etching the tips͒. This large tail, however, does not limit the resolution of the instrument, as discussed in the next section.
A. Resolution and crack detection
The expected spatial resolution of the instrument is determined by taking the spatial derivative of the data from the scan over an edge. By measuring the FWHM of that derivative the expected spatial resolution can be deduced. Figure  3͑b͒ shows the numerical derivative of an edge for the scan over the 1 mm Cu ribbon ͓Fig. 3͑a͔͒. The FWHM of that derivative is approximately 80 m, which is in good agreement with the FWHM of the magnetic field profile.
To demonstrate this spatial resolution, a Cu sheet with a double slit was scanned. The sample has two 100 m wide slits separated by 200 m in 12.7 m thick copper foil. The results from this scan are shown in Fig. 4 . This scan demonstrates that the spatial resolution of the instrument is Ϸ 100 m since it reveals two minima separated by a local maximum.
The discussion so far has been on scans performed with the oscillation of the tip perpendicular to the edge. An important extra feature of the instrument arises when the oscillatory tip motion is parallel to the sample edge. The perpendicular ͑parallel͒ orientation is defined as when the oscillation of the tip is perpendicular ͑parallel͒ to an edge ͑see Fig. 5͒ .
An experiment to determine whether the instrument was sensitive enough to measure a break or a crack in the film was done. For this measurement, a 2.5 m wide slit in 12.7 m thick copper was used. Since the slit is much smaller than the resolution, a scan over this slit is equivalent to a scan over an infinitesimal crack. Figure 5 is a scan over the 2.5 m slit for the two different orientations.
In the perpendicular orientation, the instrument is not able to detect the slit within the noise of the instrument. For the parallel orientation, however, the slit is clearly observed. The signal decreases on the left-and right-hand side in this figure because of the outer edges in the Cu film. This figure demonstrates that the parallel orientation is very sensitive to edges or breaks in the film, even for a slit much smaller than the resolution of the instrument.
The differences between the two orientations can be understood qualitatively. The component of the current density perpendicular to an edge must be zero. In the perpendicular orientation the induced electric field is parallel to the edges of the slit and therefore the boundary condition does not drastically reduce the current density inside the film. For the parallel orientation the induced electric field is perpendicular to the edges. In this configuration the current density in the film is severely modified to adjust to the boundary conditions.
To test the sensitivity of the instrument to weaker inhomogeneities, a trench 23 m deep by 25 m wide in a 40 m thick Cu layer was scanned in the parallel orientation. In this case no evidence for the trench could be detected in the SECD signal. We conclude that because of the current flow underneath the trench the overall current pattern is not appreciably perturbed.
IV. DISCUSSION
In this section the fundamental limitations and improvements to the instrument are discussed. Thermal noise sets the ultimate limit on the minimal amplitude that can be measured with the mechanical oscillator and the equipartition theorem gives
where T ϭ 300 K is the temperature of the system, k B is the Boltzmann constant, and ͗x 2 ͘ 1/2 is the thermal root mean square of the amplitude of the oscillator. Equation ͑4͒ assumes that the bandwidth of the measurement is self-limited by the oscillator, Bϭ f 0 /2Q, where f 0 is the resonant frequency of the oscillator. If the bandwidth of the lock-in amplifier, ⌬ f , is much smaller than the oscillator's bandwidth, the thermal noise equivalent amplitude is
In practice, noise from the preamplifier used to measure the induced voltage of the oscillator limits the minimal amplitude that can be measured while the tip is stationary. The preamplifier noise was Ϸ10 nV rms/ͱHz, which corresponds to a noise equivalent amplitude between ͑0.7 and 4͒ pm rms/ ͱHz, where the range is due to a variance in the electrodeoscillator capacitance. Another source of noise in these mea- surements was reproducibility of the tip-sample separation when scanning the tip over the sample. This is the source of noise that dominated the scans in Fig. 3 .
The force sensitivity of the oscillator can be enhanced by an increase in the Q of the oscillator. Since the force at resonance is equal to Fϭ(k/Q)A, an increase in Q corresponds to an increase in the amplitude of the oscillator for the same force applied to the oscillator. Quality factors as large as 3ϫ10 6 have been reported for similar Si mechanical oscillators, 4 corresponding to a factor ϳ5000 increase in the sensitivity of our force measurements.
An improvement in the sensitivity would allow the spatial resolution of the instrument to be increased. A spatial resolution on the order of 1 m would make the eddy current dynamometer a versatile instrument, although a tip with a FWHM equal to 1 m in the magnetic field profile would have to be developed to get this resolution. With Qϳ10 6 and a spatial resolution on the order of 1 m, the expected noise equivalent conductance is ⌬ ᮀ Ϸ30 ⍀ Ϫ1 /ͱHz when imaging a sample large compared to the tip size. With this sensitivity, we should be able to measure the conductance of submicron thick metals at 4 K.
Finally, a further theoretical understanding of the eddy current force in the presence of conductive inhomogeneities for a moving magnetic probe could allow the deconvolution of these scans to determine the conductance of the sample as a function of position.
